
fI

UNITEOD 'A IT" E'; S N.

j IL

LTBRA RY
PROJECT SQUID

NI-220-039

TECHNICAL MEMORANDUM No. PIB-7

MEASUREMENT OF RAPID TEMPERATURE

FLUCTUATIONS IN PULSATING

GAS FLOW

BY --

RICHARD G. LEFEBER

JUL 30 1948

POLYTECHNIC INSTITUTE
OF BROOKLYN

PIBAL REPORT NO, 126

r pvmce r~fs'.-v, %ri s& zi)
dI. 1 ' W 1b - me •

•os



Contract No. N6ori-98
Task order 1I

NR 220-039

Technical Meorandum PIB#7

PROJECT SQUID

Measurement of Rapid Temperature Fluctuations

in Pulsating Gas Flow

by

Richard G. Lefeber

Polytechnic Institfte of Brooklyn

Brooklyns 1Uew Yo7 q41

30 July 190

Ti d-- .• .. - -. "
for public .owl --.a1- :cLw ~

d~atibutkaIs'Wu11m±C



Measurement of Rapid Temperature Fluctuations

in Pulsating Gas Flow

by

Richard G. Lefeber

Introduction

The purpose of this paper is to reveal the work carried out
in an attempt to find a method for measuring the time variation of
temperature throughout the cycle of a pulse jet engine. The problem
of measuring such temperature has not yet been satisfactorily solved,
as far as we know; obviously, the knowledge of instantancous tempera-
tures is of vital importance in the invostigation of pulse jet engines.

This paper offers a detailed exposition of techniques and work
carried out in a study of this problem with particular refordnce to a
method proposing the use of an ultrasonic beam for measuring gas tem-
peratures as suggested by Professor I. Fankuchen of the Polytechnic
Institute of Brooklyn.

The solution of the problem mwst meet two main requirements.
It is imperative that the temperature measuring system be able to follow
the instantaneous temperatures with negligible time lag as the repetition
rate of the pulse jet engine under investigation is 200 c.p.s. Further-
more the system must be able to withstand the high temperatures occuring
in the cobustion chamber of a pulse jet engine, while at the same time
not interfering with the gas flow. All of the conventional temperature
measuring methods must therefore be discarded,

Since the transit time of sound passing through a medium is a
function of the temperature of the medium among other parameters, it was
suggested that an ultrasonic beam be used to measure gas temperatures..

For the short path-length involved, the time lag is negligible.
The radiating and receiving transducers can be placed so that they do not
interfere with the gas flow and so that at the same time they are ex-
posed only to the relatively low temperatures at the combustion chamber
walls. If necessary,addit.onal external cooling of the transducers may
be applied.

The practicability of the method was from the very beginning
doubtful, and discussions of the problem with several experts in the
field of ultrasonics were discouraging. Mr. S. Younig White, consulting
engineer of New York City and Mr. Edwin E. Turner, Assistant Chief En-
ginoar of the Submarine Signal Company, Boston, Mass., as well a. many
others, pointed out that in orter to solve the problem conflicting re-

- quirements had to be fulfilled.
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The three major problems were the construction of a suitable
ultrasonic generator, the practicibility of transmission through high-
ly turbulent flow, and the evaluation of resulta. Difficulties oere
further augmented by the fact that literature concerning the trans-
mission of ultrasonic waves through gases is virtually non-existent.

Notwithstanding the discouraging outlook investigations were
begun along the following lines: (1) the development of an experi-
mental supersonic generator to facilitate final design of the trans-
ducer, (2) the investigation ot energy tranomission in turbulent flow,
(3) the construction of the final transducer, and (4) measurement
of temperatures in the cowbustion chamber of a pulse jet.

The results of the investigation under (2) were, as %das to be
expected, negative. Further consideration of (4) indicated that the
variables involved in the metsurements would not be separable, and hence
that even if it were possible to transmit energy through the turbulent
gasesj the results would still be a function not only of the temperature
but also of an undeterminate function of the velocity and density of the
combustion gases.

Analysis of the Problem

The fundamental fact upon which the method is based is that
the vleocity of sound varies acctd ding to the following equation;

2 

¼2

- Accession For

where NTISGRA&I
c = velocity of sound I L•B
p = pressure Unannounced
- = density fi

further the equation of state of tho gas is B__
Distribution/

p RT R -R(T) AvailJability Codes
iAvafl! an~d/or

iDist Special

where
R = universal gas constant
"T = abs. temperature

It i.j readily seen that for uniform gas distribution and ideal steady
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flow yhere

Sconstant

the transit time of ultrasonic signals passing through the chamber is
a direct measure of the instantaneous temperature. However, the die- .
tribution of the various combustion gases in the combustion chamber
during the operation of the pulse jet is irregular and is an unknown
function of space and time. The gasos involved are not ideal and
furthermore the flow is pulsating t thus the continuity equation

A) + &u) 0

must be solved for the unknown density and velocity distributions. It
is doubtful that any assumed distribution of the above parameters would
give sufficiently accurate results for the conversion of transit time
records into instantaneous temperatures.

ghoice of Q2 jtin& FrecuencU:

The repetition rate of the pulse jet is 200 c.p.s. It is dE"
sired to have at least ten measurements per cycle. As will be shown
later, a high mechanical Q is essential for high efficiency in the
transducer, If vie assume a comparatively low value of 40 for the mechani-
cal Q, the dissipation is

(3.,~2~..28 0.157
Q 40

and the original amplitude will fall off 6% after

n = ---.--1 • 6 cycles
0.157

Since the total signal should last at least tvice the build up and decay
time, the minimum pulse duration should be twenty-four cycles. Using
2000 pulses per second (each having a pulse width of 24 cycles) a carrier
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a reasonable frequency if the Q can be kept sufficiently low. This
consideration shows that to maintain a reaoonable carrier frequency
one must sacrifice efficiency. For comparison, a typical value used

in underwater cound detection is Q 180.

The Suvoer.onic Generator,:

The main factor in datermining the most suitable supersonic
generator was the operating temperature of approximately 150OOF.
Piezo-electric devices were discarded because of the low Curie points
of the various crystals and the impracticability of cooling. Eloctro-
dynamic transducers were also dincarded because of extremely low efficien-
cies at the high frequencies involved. Because of high Curie points
(1 0 0M0 C for Vanadium permendur and 3600C for Nickle A) and the possi-
bility of cooling, magnetbotriction transducers proved to be the only
possible solution, although they do not lend themselves vell to generation
of sound %;aves in air because of poor impedance match between the trans-
ducer and the air,

Initial attempts to construct transducers with Permendur
were unsuccessful because of fabrication difficulties. Later attempts
with Nickle A, annealed for one hour at 90000 were more successfiul.
Even though nickel has a lower Curie point, it is more desirable than
Permendur because of its superior magnetostrictive and mechanical charac-
teristics.

An experimental transducer was built to operate about 10 k.c. L
so that a standard commercial microphone could be used as a receiver.
The magnetostrictive element consisted of a single nickbl tube.

C Experimental evidence showed that the increased efficiency to be expected
from slotting the tube to reduce eddy current losses were overwhelmed
by losses due to parasitic vibrations. Slotting was therefore omitted.-5' The radiating element ;,ras a light rigid aluminum disc. Polarization

was maintained by external D.C. excitation.

The experimental transducer was used to obtain basic design
data for the final transducer and to ivestigate the possibility of
transmission in non-steady turbulent flow. To evaluate the experi-
"mental results, some theoretical aspects concerning the efficiency of
magnetostrictive transducers were considered.

Analypis of Ma9netostrictive Transducerp,

The analysis of magnetostrictive transducers were carried
out as follows:

-4-s.I



The basic energy equ~ation of magnetostriction is

Bp
el 2

w 2

0

wheoe

potential energy per unit volume

HI total magnetic field intensity

B total magnetic induction

s strain

I. magnetostrictiva coefficient

E yoiungls modulus

Hence the streas and the electric part of the field are

2
+. ES

* ~~B

if 2~ f30  B0  polarization

then

S-B + ES

H0  H /+Y,, X o

B ýAXH
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where x is a complex factor accounting for the eddy current lossoe:

xxe = ~'

values of x and x are tabulated in"The Design and Construction

of Magnetostriction Transducer", (N.D.f.C. Summary Technical Report,
1946).

If forces FI and F2 act on both ends of the magnetostrictive
rod of length 1, cross-sectional area a, and density •, then

2
R= B B

H - 4TrXs

-AB + Es

1 '1

ihere ( .W is the average strain, and further I
~2

d2
°.
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e 6 wtk( A coo kxB sin kx)

Vwt
e k(-A sinkx + Bcoo kv)

if

,c1 dIK v. F2

vwhera v stands for velocity. Hence

jweir~

8±fvl k 1

F ~ A a (v~..v 1 ) -j Tca(v~casec k 1 + v2 cotan k VI~
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The electric impedance may be oonsidered to be made up of
two arbitrary parts. the core impedance Z., resulting fror,' the
magnetic flux passing through the core assaming no air gap; and
that part duo to loakage, i.e. due to all of the flux passing through
the air.

zZe , + Zc

.7 +

c i

Letting

4'O'a NijxG =
1

then

E = (z +z )I + Gv + Gv

2 _2
F -GI-(j•ca cotan kl + Aov - (p cacoseo kl + v2• Zc

2 -GI-(j qca cosec + 4ý v (j ca cotan kl + 'e)v 2c

If the follovrdng transformation is made

FI= Je F2  Je 2

V, ji 1  
2 =i

the mutual terms of different signs of the matrix, characteristic of
magnetostriction, take on the same signs and hence the electromechanical
system may be represented by means of an equivalent circuit.
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since

E (z- + 7o)1 + jGi 1*+ Jci 2

.2
S= al (• •ica cotan k1 + -Q ) 'i -( ca cosec kZl + Gci

O,7 ,GI - (.aote+ z (C CO2kl+ )

2

e2  JGI "(Z) j -c(a caotankl +e ci

One can shoT' that the equivalent circuit is as in Figaro 1.

:22
Z1 2  j ca cosoc kl +

" 1Z2 j jqca tan

Clamping the rod at one end v• s0 i• 0. Thus if we
open circuit the corresponding end oilthe equIvalent circuit, we

obtain the equivalent circui.t for the rod clamped at one and (1

The transducer will be operated at reoac a ~ rfr the dis-i
tributed parametero can be replaced by serie circuits (Fig. 2).

In Figure 2:

- fee equivalent lumped mass of the vibrating elementUtube-2 "

K. equivalent lumped 6tatic stiffness

... mass of the radiating piston

L . radiation resistance of air

NO- .........



The electric input impedance is givon by

IZl =R 1+ jXi= Ze+Z oa DS..
z + z

where

Z is the mutual impedunce

Ze is the electric impedance

Z is the mechanical impodanco
M

ZL is the impedance of the load

The efficiency can then be stated as

The motional impedance (if tho electric side is open circuited) is

2_:

Zt Z O
S:Z + ZL

". Zmm = (-+ RIe) + j (vim
M.

'-o

0.0

p -4

I - lo -- * - .
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whra X are tho equivalent lumped mass and stiffness respectively,

The efficiency at resonance is

Zi - Ze
Ri 'z + ZLI

If w woo then

Zm + ZL ÷R +
'U L

Hence

ran R R+R LR L

wh ror

02
am 01 Rc m + RL

Rm , mechanical dissipation

thus

1b
C 2
1z

2 \2a22 2 2o2 k2Q 2

xI

............ - ,-- :.'.S-.,
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where

x

anld k, the magnetostrictive coupling, is

4Tr X

E

Thu final expresuicn for the efficiency at resonance is

1R

+ Rm+ RL

k2QQc X2

If we know the magnitude of the mechanical dissipation, the efficienc~j
can be computed. The first term of the efficiency oxpression dapendn
largely on the material constants and mechanical design, buat the second
factor can be easily altered by changing the area of tho radiating face.
The f ollowilng is an investigation of the variation of '~reswith respect

*to Li~

2
4 ~Z r

res ,+RT) PL+R-

let
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if

k2

dx (x+1) 2 a+l+

- i - -.

and hence

/ 2
X323to~+ "V W I) +h4a(a4 4l)]

if we moasour the mechanical Q, Rm can be computed. Knowing the
value of Rm, the optimum radiating surface for highest efficiency is
determined. with the optimum dimensions of the radiating disc the
final mechanical Q and the efficency at rosonanoe can be ccmputed.
If the dimonsions of the radiator are rostoicted by other requirements,
the mechanical dissipation can be varied by the adjustment of the
clamping. Fxperiments shoved that maximum radiation vas easily attained
by aduisting the tightness of the olamping.

Tho mechanical Q can be measured indirectly by determining the
decay factor 9, mechanical parameters of the transducer must be measured
with the electrical side open. The arrangement shoyn in Fig. 3 was used
to determino 0.

The transducer was excited vith a Ho.litt-Packard oscillator.
A IMillisec" relay, driven by a second oscillator, was connected into
the circuit so that the relay in serieo v.ith the exciting oscillator
acted as a square wave generator. Radiation of the transducer vas received
by a microphone connected to an oscilloscope. The sweep of the oscill6-
scope was synchronized to the oscillator driving tho relay. Yith the
relay open, the electric side of the transducer is open circuited and the
docay factor of the period corresponding to the cpen otate of the trans-
ducer can bo measured.
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The experimontal transducer was polarized with approximately
Bo 3600 Gauss at Ho 1 10 oersted. The wall thickness of the Nickel A
tube was 0.001 in 0.0025 cm and the outside diameter was 0.95 cm -The
driving frequency was in the vicinity of 10 k.c. at the resunant fro-
quenoy of the transducer. The diameter of the aluminum disc radiator was
large enough (3 cm) to keep the radiation impedance approximately ohmic.
Frcm the experimental data e was calculated to be 0.164, and therefore

Q 21 38

The other parameters of the transducer were:

cross-soctional area of the mugnetostrictive tube a = 0.00748 am2

length of magetostriotive tube 1 = .2.2 cm

equivalent lvinped static stiffness K = 0.156 xd

where E 2.08 x10 at Ho 10 oersted

equivalent ltvapod mass off the tube Mt0,e 0.396g
tube•

equivalent lumped mass off the disc M .85g

equivalent lumped total mass M 1.246 g

radiating face a.T 7.1 cm2

radiaticn resistance RL air Cair % 290 ohm

at 201C and 76 cm of mercury

-14-



X = 1.6 x 104 dynes/ g .2 for H 0 10 oersted

,u= 64

k 0.31

number of driving turns Ni 540

xo = 0.75

K:!: 0.2

XR : 0.7

w ________ = 116 ohm

J.°°

2k

W4T N~a. ,

Re 33.2 ohm

3.5

S RO

with theee values the mechanical dissipation is

Rm 8.66o•.m

It vas assumed that for transducers of similar construction
this value would remain approximately the same and could serve as a basis
of design. For a given Rm one can calculate the optimum dimensions for the
radiating surface with the given parameters as was shown previously.

-15-

-- •,-.<.,•.- •..•- .. -.-.....-,.--..--. ,.,...-...........................................................,...........,,-.-....- ,-.. .. ,-' -,- -A-.-.

-~~~~~~~~~~~~~ ~ ~ ~~ ,..t. .1 .......... A%' *.A~ ~



With the given parasmeters

2

a = QQ = 35.x

:, = 0.64 5'-

the optimium radiation resistance therefore is

RL 0-64 I~ 554 ohm

and the optimal area

Lr 13.9am2

and hence the optimum diameter of the disc is 4.2 cam.

Using this diameter the now perameters are

41
Vdis 1.36 g

S 1.756 g

Q 37.7

Tho efficiency with the optimal radiating surface is

0.37 -tres

- 16- A-.
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These computations indicate a rapid meotcd for the design of
magnetostriction transducers vhe, high accuracy is not required. The
first stop in the design of a new transducer therefore iculd be the
meacuremont of the mechanical dissipation of a similar type transducer.
Then the proper relationship betwee the radiation resistance and mecha-
nical dissipation for optimum efficiency is calculated. The area of
thu radiator thus determined, the other requirements for the dimensions
of the piston must be considered, such as those imposed by the desired
r&4ý.aticn pattern. If the discrepancy between the two values obtained
is nct too great, the latter diameter may be selected and the clamping
adjusted empirically in order to bring the mechanical dissipation to the
optimum value for maximum efficiency.

The efficiency, howeverp is not the only factor affecting the
choice cf the radiating surface. The ultrascnic beam dragged by the
combustion gases will be deflected up and d.wn the combustion chamber
at velocities which may approach that of sound in the medium. Therefore
the beam may be deflected as much as 450 from its initial position.
Hence it is necessary tQ produce an ultrasonic beam having a divergence
of approximately 900. The divergence of the beam, which is a function
af the diameter of the radiating surface, can bo found by computing the
radiation pattern for a pistcn radiating transversally into a tube. .'

Directirity Pattern.

Figure 4 shows the notation used in the calculation of the
directivity pattern. The velocity potential obeys the wave equation

2 +k 2 ý

/h($ ) = AnmJn(kcr.,S) cos mA
An-.•|

where An is a normalization factor.

The boundary condition is

Jn (k R) =0

- 17 -
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The solution of this equation is obtained bY application of a Groen's
function iethod. Tho aim is to find an operator such that

2 2
O(1 ,r)l( v+k ),(r)d-, 0

Using Greew's theorem ono obtains

m ~r

A(r)E(v2(r,,)+k÷Go(r,,'r•r ••-r, ý(.)]

if

2 I 2V G(rr')+ k G(r,r') --S (r-r')

and sinco

!3 (r-r')dr = 1

it follows that

((r- = 0,• ds' - (r'Z G(rr')ds'

I %I

The boundary condition on G is

0 if q=R
z n

We assume that

G(r,r') - .•~)•('-~n zz

nom 2j nm

n~j- 18 -
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This expreesion satisfies the homogeneous wave equation. To assure
that it satisfies the singularity at r'. wo investigate the following
expression

ZI+(= • - • . -Jn4 (G-C nm z~

This is valid because of the orthonormality of the eigen-functions, since

= 0 eve'ywhere on the boundiing surface except on the piston and hence
2ter normalization if z> z the velocity potential is

on disc

j4 • Ifds

2t --- J•l

e- n Cs (n R C•s e ,d'd'

nm 00T2JX (, 2n

I-I

t ;"'-19--

a=,

where

"Co Co W1in-cný

1 ifn"

,', - 19 -
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2 if n 0n

The numerical evaluation of this result appears to be so
involved that only methods of approximation seem to be practical. In
this case, however, it is reasonable to estimate the divergence of
the beam for an infinite baffle as the dimensions of the radiator
are small compared to the diameter of the combustion chamber (a = 0.33 cm
for 100 k.c.)

In this case the approximate divergence of the ultrasonic beam
is given by

.1a2 a2

if

a

Honce for 900 conical divergence

N= 2 1.4

This value was checked by the fcllovdng experiment. A tube of sufficient-
ly large diameter was formed of shoot aluminum and the transducer mounted
as cn the ccmbustion chamber. A microphone, which served as the receiving
element, was adjusted 450 off the axis of the transducer on the opposite
side of the tube. Intonsity measurements were made vith discs of
successively docreasing diameters, starting with a = 2.5A. The disc
with a diameter a IS1A produced a sufficiently large intensity. Since
the efficiency is also increased with the increase of diameter this value
must be lowered somewhat to 3 1.5., This agrees reascnably with the
experimental value because the tube evidently has a diverging effect.
Hence all diameters lower than 1.5 A wvill satisfy the directivity require-.
ments. We note therefore that for the experimental transducer the diameter
for maximum efficiency is less than 1.5 N and requirements for maximum
efficiency and optimum directivity are both mot.

Investigation cf Energy Transmission through Turlgunt Flow.

In order to investigate the possibility of transmission through
turbulent gasos the following experiments were porformod. The trans-
ducer and a microphone were fixed approximately 10 cm apart. An air
flow was established between the microphono and the transducer porpen-

-20-



dicular to their axis, by Means cf a blower. The intensity of
radiation was measured without air flow, in approximately steady flow,
and in flow scramubled with the help of various screens. The scroens
consisted of cardboard sheets with concentrically arranged holes of
different size. The non-slotted nickel tube of the transducer was changed
to a slotted one because the latter had resonant frequencies at 6 k.c.,
10 k.c. and 15.5 k.c. In this way investigations could be made with
three different frequencies. The intensity of radiation did not change
appreciably with approximately steady air flow. The beam, however, was
practically oresed at all thr- frequencies when any of the screens were
used. It can therefore be o....Iuded that if the long waves of the ex-
perimental transducer show such sensitivity to scattoring phenomena,
transmission will not be practical for the much shcrter and thus moro
sensitive waves of the 100 k.c. transducer.

conclusions

At this stage of the development it became more and more
evident that in the remaining time and with the available funds and
equipment the ultimate aim of measuring instantaneous temperatures
by ultrasonic waves would not be attainable. The power output of the
transducer would need to be increased cunsiderably above that used in
the experiments in order to obtain appreciable transmission. (The order
of magnitude of power fed into the experimental transducer wao 1 Watt.)
1High power driving of the transducer, however, increases experimental
and analytical difficulties tremendously. Analysis of high power under
water transducers rade by various other laboratories yielded negative
results. The permtiability and the magnetostriotivo coefficient no
longer remain constant. Cavitation phenomena also appear, and voltage
and current wave forms greatly influence the power. At the same time
the difficulty of the contradictory requirement of high Q and high fre-
quency increases. Under these circumstances everything seems to suggest
the use of piezo-olectric crystals, but at the present time there seems
no wzay tc eliminate the problem introduced by high temperatures. Sensi-
tivity of the receiving end must also be raisod considerably, and this
has severe limitations. Even if satisfactory transmission could be
established there remains the problem of tho ovaluaticn of the experi-
mental results. AS pointed out earlier in this paper it is doubtful
that sufficiently accurate separation of the variables could be made to
obtain true temperature recordings.
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